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Arf GAP proteins are a versatile and diverse group of proteins. They control the activity of the GTP-
binding proteins of the ARF family by inducing the hydrolysis of GTP that is bound to Arf proteins.
The best-studied role of Arf GAPs is in intracellular trafﬁc. In this review, we will focus mainly on the
Arf GAPs that play a role in vesicle formation, Arf GAP1, Arf GAP2 and Arf GAP3 and their yeast
homologues, Gcs1p and Glo3p. We discuss the roles of Arf GAPs as regulators and effectors for Arf
GTP-binding proteins.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
GTP-binding proteins of the ARF/SAR family are key regulators
of intracellular trafﬁc. These GTP-binding proteins are primarily
controlled by two classes of factors: guanine nucleotide exchange
factors (GEFs) and GTPase activating proteins (GAPs). The GEFs ex-
change protein-bound GDP for GTP to produce the GTP liganded
also called activated ARF/SAR proteins. In the activated form, the
ARF/SAR proteins are membrane-associated and interact with car-
go, SNARE and coat proteins. The cumulative interactions will then
at one point lead to membrane deformation and transport vesicle
formation. Since proteins of the ARF family do not have detectable
intrinsic GTPase activity, the complex of the Arf GAP with Arf1
could be viewed as the functional GTPase, which essentially would
consist of a heterodimer. The functional heterodimer is probably
not very stable and may dissociate right after catalysis. Taken to-
gether, this indicates that speciﬁcity for Arf GTP-binding proteins
is mostly dominated by Arf GAPs. Moreover, most Arf effector mol-
ecules interact with the GTP-bound form of Arf. Thus Arf GAPs may
play a critical role in terminating Arf-effector protein interactions.
Therefore it is and will remain important to understand how Arf
GAPs function. Despite the good conservation of the GAP domain,
the Arf GAPs share only little sequence conservation apart fromchemical Societies. Published by E
sel, Growth & Development,
witzerland. Fax: +41 61 672the GAP domain. Thus efforts have to be undertaken in the future
to elucidate the function of the other regions of Arf GAPs.
2. Historical perspective
Arf GAPs were discovered less than 20 years ago, when Randa-
zzo and Kahn [1] demonstrated the existence of a protein in bovine
brain extracts that could strongly enhance the intrinsic GTPase
activity of mammalian Arf1. A couple of month later the ﬁrst Arf
GAP had been puriﬁed about 15 000-fold and identiﬁed as a pro-
tein of 49 kDa [2]. Arf GAP1 was the ﬁrst Arf1-directed GAP to be
cloned [2,3]. The minimal fragment of Arf GAP1 with catalytic
activity was 130 amino acids in length and contained a zinc-bind-
ing motif. Interestingly, Arf GAP was stimulated by PIP2 [1,2],
opening the possibility that PIP2 was a cofactor in one or more
Arf1-dependent pathways. Soon afterwards, the ﬁrst Arf GAP was
identiﬁed in yeast, Gcs1p, which is the homologue of mammalian
Arf GAP1 [4]. Gcs1p was ﬁrst identiﬁed as a protein required for
entry from stationary phase into the cell cycle at low temperatures.
This function is not understood to date and it remains unclear
whether this is an Arf1p-dependent process [5]. Gcs1p together
with another Arf GAP, Glo3p, is essential for retrograde transport
from the Golgi to the ER, demonstrating its importance in the reg-
ulation of Arf-dependent functions [6]. Since then Arf GAPs have
been identiﬁed in a large variety of eukaryotes and it is generally
assumed that the hallmark of Arf GAPs is the GAP domain. The
structure of two Arf GAP domains were solved [7,8] providing
important insights into the catalytic mechanism. Interestingly, bylsevier B.V. All rights reserved.
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identiﬁed that in addition contain regulatory signatures for other
small GTP-binding proteins, especially of the Rho family, indicating
that regulatory hubs exists on which GTPase function and signaling
converges.
3. Function of Arf GAPs
In mammalian cells, Arf GAPs were ﬁrst identiﬁed as regulators
of Arf GTP-binding proteins. Despite the prevailing conception of
Arfs as small GTPases, Arf proteins do not have detectable intrinsic
GTPase activity and bind tightly to GTP [1,9,10]. Thus, the conver-
sion of Arf from the GTP to GDP bound form requires a protein that
induces the hydrolysis of GTP bound to Arf, called a GTPase-acti-
vating protein (GAP) [1,11].
Thirty-one genes encoding proteins with Arf GAP catalytic do-
mains have been identiﬁed in humans [12]. Ten subfamilies have
been described based on domain structure and phylogenetic anal-
ysis (Fig. 1). Six subfamilies have Arf GAP domains at the extreme
N-terminus. Four subfamilies (ASAP, ACAP, AGAP and ARAP), com-
prising 20 proteins, have a catalytic core of PH, Arf GAP and ANK
repeat domains. At least one member of eight subtypes has con-
ﬁrmed GAP activity. However, two subtypes do not have detectable
GAP activity and for other Arf GAPs, the GAP activity is dispensable
for some cellular functions, leading to the hypothesis that the Arf
GAPs function in capacities in addition to the negative regulation
of Arf proteins [13–15]. One function may be as Arf effectors.
A number of Arf GAPs have been implicated in membrane trafﬁc
including SMAPs, ARAP1, AGAP1/2, Arf GAP1 and Arf GAP2/3. Of
these, the function of Arf GAP1 in membrane trafﬁc has been
examined in the context of models of Arf-dependent membraneFig. 1. Human Arf GAPs. Domain structures of the human Arf GAP subfamilies are depicte
ANK, ankyrin repeat; BAR, Bin/Amphiphysin/Rvs; BoCCS, binding of coatomer, cargo and
multiple copies of the XXFG motif; GLD, GTP-binding protein-like domain; GRM, Glo
Pro(PxxP)3, cluster of three Proline-rich (PxxP) motifs; Pro(D/ELPPKP)8, eight tandem Pr
SAM, sterile a-motif; SH3, Src homology 3 domain; SHD, Spa-homology domain. Adaptetrafﬁc [16–18]. In the prevailing model, the cycle of GTP binding
to Arf1 and hydrolysis while bound to Arf1 is thought to be linked
to coat association with and dissociation from membranes.
Although numerous variations of this model have been articulated,
in each the function of Arf1GTP is essentially a glue that holds
coat proteins on the membrane. GTP hydrolysis is required for
the coat proteins to dissociate from the membranes. In this model,
the function of Arf GAP1 is to induce hydrolysis of GTP bound to
Arf1 to trigger coat dissociation and GTP hydrolysis must be de-
layed until after the coat protomers have assembled into a vesicle
coat.
The appropriate timing of the hydrolysis of GTP on Arf1 requires
the regulation of Arf GAP activity. Two regulatory mechanisms
have been proposed for Arf GAP1. In one model, GAP activity is
dependent on the coat protein coatomer and GAP activity is inhib-
ited by cargo proteins [19–22]. The second and prevailing model
invokes membrane curvature sensing. Coat protein polymerization
results in budding from a membrane with eventual ﬁssion and a
transport intermediate [23–27]. The bud and the transport inter-
mediate have greater curvature than does the relatively ﬂat surface
from which the vesicle is supposed to bud. In this model, Arf GAP1
is able to sense membrane curvature through speciﬁc motifs called
Arf GAP lipid-packing sensor (ALPS) [25]. The two ALPS motifs in
Arf GAP1 are random coils in solution. When head groups of the li-
pid bilayer separate consequent to an increase in curvature during
vesicle formation, the ALPS motifs associate with the exposed
hydrophobic interior of the bilayer, forming an amphipathic helix.
In this model, Arf GAP1 is recruited to the curved surface, not the
ﬂat, so its activity is restricted to the curved surface [23–26,28].
The model in which Arf GAP1 regulates Arf1 through curvature
sensing is intriguing and has substantial experimental supportd. Abbreviations are: ALPS, Arf GAP1 lipid-packing sensor; Arf GAP, Arf GAP domain;
SNARE; CALM, CALM binding domain; CB, clathrin-box; CC, coiled-coil; FG repeats,
3 regulatory motif; PBS, Paxillin binding site; PH, pleckstrin homology domain;
oline-rich (D/ELPPKP) motifs; RA, Ras association motif; RhoGAP, RhoGAP domain;
d from Kahn et al. (2008).
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association [18,28–33]. However, the models have a number of
shortcomings. First, although multiple Arf GAPs regulate mem-
brane trafﬁc, Arf GAP1 is the only one with ALPS domains; there-
fore the model cannot generalize to other Arf GAPs that function
in the Golgi. Second, curvature sensing has not been easily repro-
duced even when using Arf GAPs with BAR domains [34,35], whose
primary function is proposed to be membrane curvature sensing
and induction [36–38]. For the Arf GAPs examined, the sensing
or induction of curvature is highly dependent on speciﬁc in vitro
experimental conditions [34,39]. Third, the role of Arf GAP as trig-
gering coat dissociation implies a reversible process in an other-
wise vectorial system. The conversion of ArfGDP to Arf1GTP
causes coat association with membranes and the conversion of
Arf1GTP to Arf1GDP causes coat to dissociate. Thus premature
GTP hydrolysis would result in futile cycles and not in productive
vesicle formation. Fourth, the models do not account for cargo sort-
ing [24].
In addition to the shortcomings, four lines of investigation
have yielded results that are either inconsistent with or difﬁcult
to reconcile with prevailing models of the function of Arf and Arf
GAP in membrane trafﬁc. The enzymology of Arf GAP1, Arf GAP2
and Arf GAP3 has recently been examined. The curvature sensi-
tivity of Arf GAP1 reported by some laboratories has not been
consistently reproduced by others [39], which has motivated
the examination of other regulatory factors [39,40]. Arf GAP1,
Arf GAP2 and Arf GAP3 bind to the vesicle coat protein coatomer
[21,41–43]. More than a decade ago coatomer was reported to
stimulate GAP activity [19]. Until recently, the effect was not
further studied other than a single paper that failed to reproduce
the effect [44]. As described in the original report Arf GAP1 was
stimulated by coatomer [39]. The effect of coatomer was more
easily documented with Arf GAP2 and 3, which have lower
intrinsic GAP activities and greater afﬁnity for coatomer than
Arf GAP1 [40,42,43]. The increased activity for Arf GAP1 and
Arf GAP2 was consequent to a decrease in Km (Arf GAP3 was
not examined) [39,40]. In these experiments, coatomer with
Arf1GTP was not sufﬁcient to induce changes in the liposomes
or the formation of vesicles. The authors concluded that interac-
tion with coatomer, not membrane curvature, regulated Arf
GAP1 and Arf GAP2 activity. Experiments in which GAP activity
was measured at a single concentration of Arf and coatomer
[44] could have missed the effect because (i) the reaction was
already close to saturation, so a Km effect would not be detected
and (ii) at concentrations of coatomer in excess of Arf GAP and
Arf1GTP, coatomer binds and sequesters Arf1GTP from the
GAP.
Cargo proteins bind to coatomer and to Arf GAP, and potentially
could affect GAP activity by binding either protein. The effect of
peptides from the cytoplasmic tail of p24 cargo proteins on Arf
GAP1 and Arf GAP2 was examined. Early reports indicated that
the peptides inhibited activity [19,20]; however the inhibitory ef-
fect was nonspeciﬁc and coatomer independent [39]. When pep-
tides from several p24 family members were examined, those
from p23 and p25 were found to increase GAP activity of Arf
GAP1 and Arf GAP2 by increasing the kcat. These results are differ-
ent than predicted by the current model in which activation of Arf
GAP occurs after vesicle assembly. The cargo/coatomer complex,
which activates the GAP, assembles into the vesicle coat, so hydro-
lysis of GTP bound to Arf likely occurs prior to or coincident with
assembly of the coat protein.
A second line of investigation with results inconsistent with
prevailing views of Arf function was the examination of AP-1
recruitment to the trans-Golgi network [45–47]. Arf1GTP re-
cruited AP-1 to a high afﬁnity site. Following hydrolysis of GTP,
Arf1 dissociated from the TGN but AP-1 remained associated withTGN at a low afﬁnity site. The conversion from the high afﬁnity site
to the low afﬁnity site required a cargo protein, mannose-6-phos-
phate receptor. Cargo, independent of Arf, drove AP-1 polymeriza-
tion into a vesicle coat [45]. In addition, the coated vesicles from
the TGN contained little or no Arf1 [46,47]. Taken together these
results led to the suggestion that Arf functions in the coat assembly
process but not vesicle uncoating.
A third line of investigation is examination of the role of GTP
hydrolysis and Arf GAP1 in the generation of transport vesicles.
In the current model in which Arf GAP activity is controlled by cur-
vature and independent of other proteins blocking GTP hydrolysis
should result in accumulation of coated vesicles containing cargo.
In two reports, Golgi membranes were incubated with components
necessary for transport vesicle formation and either GTP or the
slowly hydrolysable analog GTPcS. Although vesicle formation
was detected with both forms of GTP, the vesicles formed in the
presence of GTPcS had less cargo [48,49]. Blocking GTP hydrolysis
by Arf in cells, either by injecting GTPcS or by expression of the
GTP-locked [Q71L]Arf1, resulted in reduced cargo in COPI-coated
vesicles, which was the basis for the suggestion that the function
of Arf was facilitating coat-cargo interaction [50]. In vitro forma-
tion of cargo laden vesicles from Golgi membranes has been re-
ported to require GTP hydrolysis provided speciﬁcally by Arf
GAP1. Arf GAP1 also had a GAP-independent function of increasing
the afﬁnity of coatomer for cargo [21]. The in vitro and in vivo re-
sults together support the idea that GTP hydrolysis, a GAP driven
event, is involved in cargo sorting, which is process upstream of
curvature sensing.
A fourth line of investigation was the examination of cells with
reduced Arf GAP expression [51]. Reduction of Arf GAP1, 2 or 3
alone had no discernible phenotype. However, if expression of all
three was reduced, protein usually resident in the cis-Golgi accu-
mulated in the ER-Golgi intermediate compartment. In addition,
Golgi to ER retrograde trafﬁc was blocked. Vacuolar structures
were visualized by electron microscopy. The phenotype was simi-
lar to that seen with reduction of coat protein, which is considered
an Arf effector. These results are inconsistent with the prevailing
model, which predicts the accumulation of coatomer-coated vesi-
cles on loss of Arf GAP activity. Taken together with the enzymol-
ogy, examination of AP-1 recruitment and examination of the role
of GTP hydrolysis for vesicle formation, these results support a
model in which Arf and Arf GAP function in vesicle assembly with
Arf GAPs having an effector role (Fig. 2). In this model, the function
of Arf is to facilitate coat-cargo association as previously suggested
[50].
The notion that Arf GAPs are not only regulators but also effec-
tors of Arf proteins is also supported by results from yeast. Genetic
studies support a role of Arf GAPs as downstream effectors of Arf
proteins. If Arf GAPs functioned purely as negative regulators of
Arf, overexpression of the GAPs should either have no effect or
exacerbate Arf insufﬁciency. Instead, four Arf GAPs (Gcs1p, Glo3p,
Age1p and Age2p) expressed from a high copy plasmid suppressed
a loss-of-function allele of Arf1 [52,53]. This result is consistent
with the Arf GAPs functioning as Arf effectors. Subsequently stud-
ies have proved information about the possible molecular basis for
the Arf effector function of yeast Arf GAPs. Both the yeast Arf GAP1
Gcs1p and the Arf GAP2/3 homologue Glo3p interact with SNARE
proteins and induce a conformational change that allows recruit-
ment of Arf1p and coatomer to the SNAREs [54–56]. This interac-
tion does not make them effectors per se, but in light of vesicle
biogenesis and primer formation, they have the qualities of an
effector. It is thought that in order to form a transport vesicle,
the need for such a vesicle is sensed by the formation of primer
complexes [33] (Fig. 2). Such primer would consist of a SNAREmol-
ecule a small GTP-binding protein of the ARF/SAR family and coat
components [18,33]. Other cargo proteins could also participate in
Fig. 2. Schematic depiction of the dual role of Arf GAPs. Arf GAP has a role as Arf effector in helping to recruit cargo and plays a vital part in transport primer formation. This
role does not require GAP activity. The second, and more established role is in functioning together with Arf as a heterodimeric GTPase, which promotes coat-cargo
association and coat polymerization.
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GAPs is a special case, because it could be viewed as starting point
for vesicle formation and thus ensuring the inclusion of the correct
set of SNAREs in each and every vesicle. At least for Glo3p it is clear
that the interaction with coat proteins and cargo is vital for its
function. Glo3p, which is an integral part of COPI vesicles [59],
interacts directly not only with SNARE proteins but also with pro-
teins of the p24 family [57]. These interactions take place in a re-
gion called the BoCCS (Binding of Coatomer, Cargo and SNAREs)
[55]. In addition to the GAP domain and the BoCCS region, Glo3p
contains a regulatory motif, the Glo3p-regulatory motif (GRM)
[60]. These three motifs/domains communicate with each other
to link stimulation of GTP hydrolysis with vesicles formation. We
propose that the GRM senses the occupied BoCCS and communi-
cates the binding to the GAP domain, which in turn would then
stimulate GTP hydrolysis on Arf1p. Unfortunately the structural
knowledge about Arf GAP1–3 is limited. The crystal structure is
of only the ﬁrst 136 amino acids, which does not include the BoCCS
or the GRM in the case of Arf GAP2/3 (or the ALPS domain in Arf
GAP1). BoCCS is an unstructured region, which could become
structured upon binding of coatomer, cargo and/or SNAREs. Inter-
estingly Arf GAP1 proteins, like Gcs1p, also contain an unstruc-
tured region, but in this case it is assumed the region reorganizes
in the presence of curved membranes and forms the ALPS domain,
which is supposed to sense membrane curvature. Thus both Gcs1p
and Glo3p must have evolved at least two different functions, and
gained some specialization during development. Gcs1p and Glo3p
have been found to have overlapping, but not redundant functions
in retrograde transport in from the Golgi to the ER [6]. Moreover, in
contrast to Glo3p, Gcs1p does not interact directly with coat com-
ponents and it has not been found on COPI-coated vesicles [55,59].
However, it cannot be ruled out that the ALPS domain, besides
sensing curvature, could act as protein interaction site. Alterna-
tively, a yet unidentiﬁed protein-interaction site is present in
Gcs1p, which allows interactions with, e.g. SNAREs. All the data
from yeast suggest that Gcs1p and Glo3p can function in genera-
tion of COPI-coated vesicles. This poses the question whethereither of them is required for vesicle formation or whether they
act sequentially in vesicle biogenesis. These possibilities are difﬁ-
cult distinguish experimentally, because similarly to mammalian
cells, the loss of one class of GAPs is well tolerated by the cell
and only deletion of both GCS1 and GLO3 is lethal. Under standard
laboratory conditions, a lower efﬁciency of transport could be eas-
ily tolerated. Perhaps conditions that would challenge the cells in a
way that highly efﬁcient transport becomes vital, would allow us
to determine the speciﬁc roles of Gcs1p and Glo3p in COPI-vesicle
generation. It is notable, however, that yeast cells have at least six
Arf GAPs, none of which is essential. Next to Gcs1p there is another
mammalian Arf GAP1 homologue, Sps18p, which is sporulation
speciﬁc. Age1p and Age2p are related to centaurin/ADAP-type Arf
GAPs and Gts1p seems to be a bit of an outlier, and its function
is poorly understood. From the genetic interactions so far tested,
only Dgcs1 Dage2 and Dgcs1 Dglo3 are lethal. They seem to have
overlapping functions in exit of the trans-Golgi network [61].
Hence Gcs1p could play a more general role in vesicle formation.
On the other hand, not all Arf1p-dependent vesicle budding events
require Gcs1p function.4. Conclusions
Although the work on Arf GAPs in yeast and mammalian cells
developed in the large part independently of one another, the re-
sults from both have led to an appreciation of the diversity of Arf
GAP function. It will be important in the future to get more insight
at which point in the vesicle biogenesis pathway Arf GAP1 and Arf
GAP2/3 function. We also need structures of the Arf GAP1 and Arf
GAP2/3 to get a better mechanistic insight in their function, be-
cause despite the importance of the GAP domain, the variation in
the remainder of the proteins (which is the by far the biggest bit)
provides the regulatory circuit and feedback loop to precisely time
GTP hydrolysis by Arf proteins. The structure determination will be
quite a challenge as probably the most interesting parts are
unstructured in solution.
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